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Abstract: A recently developed reduced activation ferritic/martensitic steel MNHS was irradiated with 200keV 
He ions to a fluence of 1 x 10^°ions/m^ at 300°C and 1 x lO^^ions/m^ at 300°C and 450°C, respectively. The 
irradiation hardening of the steel was investigated by nanoindentation measurements combined with transmission 
electron microscopy (TEM) analysis. Dispersed barrier-hardening (DBH) model was applied to predict the hardness 
increments based on TEM analysis. The predicted hardness increments are consistent with the values obtained by 
nanoindentation tests. It is found that dislocation loops and He bubbles are hard barriers against dislocation motion 
and they are the main contributions to He irradiation-induced hardening of MNHS steel. The obstacle strength of 
He bubbles is stronger than the obstacle strength of dislocation loops. 
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1 Introduction 

Reduced activation ferritic/martensitic steels are 
considered as one of the promising candidate structural 
materials for future fusion reactors because of their ex¬ 
cellent mechanical properties, good thermal properties, 
low residual radioactivity and high swelling resistance 
[1]. Under the intense radiation fields in reactors, dis¬ 
placement damage and impurities (He and H) produced 
by transmutation reactions (i.e. (n, a) and (n, p) reac¬ 
tions) are inevitable. Defects formed by accumulation of 
displaced atoms and the impurities such as dislocation 
loops, bubbles and clusters are thought to be obstacles 
to dislocation movement. As a result, structural mate¬ 
rials served in reactors exhibit a hardness increase [2-7]. 
However, due to the nature of defect, the influences of 
different types of defects on the materials hardness are 
different. The role of dislocation loops and He bubbles 
among other types of irradiation-induced defects in ma¬ 
terials hardness is still unclear. In order to investigate 
the effects of them on structural materials hardening, 
theoretic analysis based on dispersed barrier-hardening 
(DBH) model combined with TEM analysis and nanoin¬ 
dentation measurements were carried out to investigate 
the hardness changes of He implanted steels. 


2 Experimental 

The material used in this study is a recently devel¬ 
oped reduced-activation ferritic/martensitic steel modi¬ 
fied novel high silicon steel (MNHS). Chemical composi¬ 
tion of the steel is listed in Table 1. 


Table 1. Chemical composition (wt.%) of the steel 
investigated in this study. 


Fe 

C 

Cr 

W 

Mn 

Si 

V 

Nb 

Bal. 

0.25 

10.78 

1.19 

0.54 

1.42 

0.19 

0.01 


The steel was normalized at 1050° C for 30 minutes and 
tempered at 760°C for 90 minutes. Slices of 15xl5xlmm^ 
were cut from the ingots after heat treatment. All spec¬ 
imens were prepared by mechanically polishing with SiC 
paper (up to 4000 grit) before polishing with diamond 
suspension (particle size ^1/rm). After mechanical pol¬ 
ishing, all the specimens were electropolished to remove 
the work hardened surface. Irradiation experiments were 
carried out in a terminal chamber of the 320kV multi¬ 
discipline research platform for highly charged ion at In¬ 
stitute of Modern Physics (IMP) in Lanzhou, China. The 
specimens were irradiated with 200keV He ions to a flu¬ 
ence of Ixl0^°ion5/m^ at 300±5°C and IxlO^Uons/m^ 
at 300±5°(7 and 450±5°(7, respectively. Vacuum within 
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the terminal chamber was maintained below 5 x 10“^Pa. 
Displacement damage and He concentration as a func¬ 
tion of depth were calculated with SRIM code as shown 
in Fig.l. 



Fig. 1. Depth prohle of displacement damage and 
He concentration. 


The displacement energy (Ed) was set to 40eV in 
SRIM calculation as recommended in ASTM E521-89 
[8]. Nano-indentation tests were carried out using a Ag¬ 
ilent Nano Indenter G200 with a Berkovich tip in a con¬ 
tinuous stiffness mode (CSM). The indenter was normal 
to the samples surface. Each indentation was set ap¬ 
proximately 30/im apart in order to avoid any overlap 
of the deformation region caused by other indentations. 
Care was taken to avoid uneven areas and areas where 
scratch, pitting and purities could be seen when label¬ 
ing coordinates for indentations. Cross-sectional TEM 
samples were prepared by ion milling in a Catan preci¬ 
sion ion polishing system after the indentation tests on 
the specimens finished. TEM analysis was performed in 
a EEI-TE20 transmission electron microscope operating 
at 200kV. 

3 Results and discussion 

3.1 Characterization of He bubbles and disloca¬ 
tion loops in MNHS steel 

Microstructure of MNHS without He implantation is 
shown in Eig. 2. 



Fig. 2. TEM image of MNHS steel without He 
irradiation 


It can be seen that martensitic lath structures are the 
main features of this type of steel. Precipitations are 
found along lath boundaries. The average width of the 
martensitic lath is ^ 300nm. No dislocation loops could 
be detected. After He ions irradiation, large numbers 
of bubbles and dislocation loops are found. Most of 
them distribute in a band region between the depth of 
^ 400nm and ^ 600nm from surface. This is consistent 
with SRIM prediction as shown in Eig.l. Eig. 3 shows 
He bubbles in samples under different irradiation condi¬ 
tions. 




Fig. 3. TEM images of He bubbles in MNHS 
steels after He irradiation to (a)l x 10^°ions/m^ 
at 300°C, (b)l X lO^^ions/m^ at 300°C, (c) 1 x 
lO^^ions/m^ at 450°C. 

All the images were taken in the regions of the highest He 
concentration. Statistics on He bubbles size and number 
density were made and presented in Table 2. 


Table 2. Number density(pb for bubbles,pz for dislocation loops), mean diameter(R6 for bubbles,Rz for dislocation 
loops ) of dislocation loops and He bubbles in He irradiated MNHS steel. 


Temperature(°C) Dose (ions/m^) Ri (nm) ^^(nm) pi(/m^) pi)(/m^) 

300 1X 1020ions/m2 5^22 LTi 2.4x10^2 2.17x1023 

300 1X lO^Tons/m^ 7.06 2.34 9.85 x 10^2 4.73x1023 

450 1 X 102iions/m2 11.45 3.56 8.76 x 102i 5.91x1022 
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It can be seen that the number density of bubbles in¬ 
creases as the increase of irradiation dose and decreases 
as the irradiation temperature increases while the size 
of bubbles increases when irradiation dose and irradia¬ 
tion temperature increase, respectively. Large amount 
of dislocation loops are also found in high helium con¬ 
centration region as shown in Fig. 4. Statistics made on 
the size and number density of dislocation loops are also 
shown in Table 2, which indicates that the size of dis¬ 
location loops increases as the increasing of irradiation 
temperature and dose, respectively. 



Fig. 4. TEM images of dislocation loops in MNHS 
steels after He irradiation to (a)l x 10^°ions/m^ 
at 300°C', (b)l X lO^^ions/m^ at 300°C, (c) 1 x 
lO^^ions/m^ at 450°C. 


3.2 Nano-indentation tests 

The values of hardness in this study were obtained by 
averaging six individual indentation results on each sam¬ 
ple. Occasionally, a hardness versus depth curve would 
be far away from the average values, which may be due 
to a simple failure during the indentation test or the sub¬ 
surface precipitates near the indenter tip. Such outliers 
were removed in this work. Due to the uncertainty of in¬ 
denter geometry and testing artifacts, hardness data at 
the depth <50nm from surface were not reliable. Thus, 
we took the values at the depth over 50 nm for analysis. 
Fig. 5 shows the average hardness as a function of inden¬ 
tation depth for irradiated samples and an unirradiated 
sample. 



Fig. 5. Indentation depth profile of hardness of 
irradiated and unirradiated MNHS steels. 

For the irradiated samples, a hardness peak is observed 
at depth of ^ 100 nm, different from the irradiation dam¬ 
age peak of ^ 500 nm. This is consistent with previous 
work [5,9,10] that the depth of damage peak is 5-7 times 
of the depth of the hardness peak. The reason for above 
difference is probably due to the fact that the depth of a 
plastic zone with an approximately hemispherical shape 
under the indentation reaches about 5-7 times of the 
depth at which indenter tip can reach[7,10]. At the depth 
of hardness peak, the indenter was mostly sampling the 
He implanted region and the surface effects were reduced. 
Therefore, the hardness peak in fact indicates the effects 
of helium implantation region. We therefore take the 
hardness values at the depth of lOOnm for comparing the 
relative hardening among samples. The relative hardness 
increments of He implanted samples obtained by nanoin¬ 
dentation tests (AiLe) were summarized in table 3. 


Table 3. Comparison of predicted hardness 
increment (Ai7p) and experimentally obtained 
hardness increment(Ai7e)- 


Temperature(^C)D( 

3se {ions/m?) 

A ffp(GPa) 

A_ffe(GPa) 

300 

1 X lO^o 

1.50 

1.68 

300 

1 X lO^i 

2.71 

2.61 

450 

1 X 10^1 

1.15 

1.18 


3.3 Analysis of irradiation induced hardening 


Structural materials for fusion reactors exhibit 
radiation-induced hardening when irradiated with neu¬ 
tron or energetic ions [2-7, 11]. This hardening is thought 
to be caused by defects formed during irradiation such as 
clusters of interstitial atoms, small bubbles, precipitates 
and dislocation loops [11-14]. Previous studies showed 
that dislocation loops and bubbles are strong obstacles 
that act as barriers to dislocation motion, resulting in the 
increase of hardness of irradiated materials [3,4,6,14,15]. 
In order to have a better understanding of the hardness 
changes caused by dislocation loops and He bubbles. An 
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attempt is made below to analyses the hardness increase 
based on dispersed barrier-hardening (DBH) model. As 
the interstitial dislocation loops and He bubbles are clas¬ 
sified as short-range obstacles [2]. The increase of yield 
strength due to one type of short-range obstacle could 
be expressed as 

il(jy = Maiib{Ndf'^. ( 1 ) 

WhereAcr^ is the yield strength increment, M is the 
Taylor factor, a is the barrier strength factor, /i is the 
shear modulus, b is the Burgers vector, N and d are num¬ 
ber density and mean size of obstacles, respectively. For 
two types of short-range strong obstacles, the superposi¬ 
tion rule could be expressed as following 

Acr^ = Act J -h Acr2. (2) 


Aal = Maiijb{Nidi)^^‘2. (3) 


Aal = Ma2nb{N2d2)^/^. (4) 

M is 3.06 for bee metals, the shear modulus for MNHS 
steel is SOGPa and b=2.48 x 10“^° m. The number den¬ 
sity and mean size of dislocation loops and bubbles in 
three sets of samples under different He ions irradiation 
conditions are summarized in Table 2. According to pre¬ 
vious work, dislocation loops and bubbles are thought as 
strong obstacles with the a of 0.25 - 0.5 and 0.3 - 0.5 
[3,6,15], respectively (some work show higher values of 
a). We apply above values (with a values of 0.25 for dis¬ 
location loops and 0.4 for He bubbles) in equations (2) 
to (4), then the predicted increments of yield strength 
(Acr^^) were got for steels irradiated under 200keV He 
ions. 

It is reported that the correlation between change in 
hardness and change in yield stress was determined to 
be [16]. 

AH = 3Acr^. (5) 

Using this relationship, the predicted hardness incre¬ 
ment (AHp) could be calculated based on DBH model. 


It is thus possible to compare the predicted hardness 
changes with hardness changes obtained by nanoinden¬ 
tation tests. The comparison between predicted hard¬ 
ness changes (AHp) and experimentally obtained hard¬ 
ness changes (AHg) is summarized in Table 3. It can 
be seen that the predicted changes of hardness based 
on DBH model are consistent with hardness changes ob¬ 
tained by nanoindentation tests. This suggests that both 
dislocation loops and He bubbles are the main contri¬ 
butions to irradiation-induced materials hardening and 
dislocation loops and He bubbles are strong pinning cen¬ 
ters with the pinning strength of He bubbles ((a=0.4) 
stronger than the pinning strength of dislocation loops 
((a=0.25). However, a note should be mentioned about 
the rates of introduction of displacement damage and 
helium. It is known that radiation-induced defects ac¬ 
cumulate differently under different damage and helium 
production rates [17]. As a result, mechanical properties 
of irradiated structural materials vary accordingly [13]. 
In this experiment, the damage rate and introduction 
rate of helium are 6.39 x 10“^ dpa/s and 6.67appm/s, 
respectively. 

4 Conclusions 

The effects of helium under conditions of simulta¬ 
neous displacement damage production on the hard¬ 
ness of ferritic/martensitic steel MNHS were studied by 
He implantation into MNHS steel combined with nano¬ 
indentation technique and TEM analysis. The DBH 
model was adopted to predict the hardness changes 
caused by dislocation loops and He bubbles, it is found 
that the predicted hardness changes based on DBH 
model are consistent with the experimentally obtained 
hardness changes. Dislocation loops and He bubbles are 
hard obstacles against dislocation motion and they are 
the main contributions to He irradiation-induced hard¬ 
ening of MNHS steel. The barrier strength of He bubbles 
((a=0.4) is stronger than the barrier strength of disloca¬ 
tion loops ((a=0.25). 
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91026002), National Natural Seienee Foundation of 
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the help from staff of 320kV multi-diseipline researeh 
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experiments. 
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